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ABSTRACT 
The electromagnetic properties of a live biological system are extremely 
important to many medical applications. While information about electromagnetic 
properties of tissues are available in the literature, little or no data are available 
for a single cell or subcellular structures. Microwave biological/cell detection has 
been demonstrated to be useful and promising in many medical applications due 
to its internal properties such as non-invasive, fast and label-free. However, the 
spatial work dimension, therefore the resolution, of the state-of-the-art electrical 
measurement and detection techniques is limited. To further bring the spatial 
resolution of the electrical characterization technique down to the sub-cellular 
level or even nanometer level, scanning microwave microscopy (SMM) is one of 
the most promising approaches.    
In this work, we mainly developed quantitative characterization by SMM. 
Analytical model, full-wave simulation and experimental results are all covered. 
The results on both a dry cell and a live cell in its physiological buffer are 
discussed. The challenges for quantitative SMM of soft matter in liquid were 
overcome by both dedicated experimental control and characterizing the whole 
probe-sample interaction through multiscale finite-element full-wave 
electromagnetic simulation. Taking advantage of the noninvasiveness and 
subsurface sensitivity of SMM, it was used to monitor the physiological condition 
of the cell for hours. The results showed that the gradual shrinking of the cell 
footprint did not impact cell vitality significantly. These results implied that SMM 
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could be a valuable technique for label-free noninvasive characterization of 
subcellular structures in a live cell, as well as its physio-pathological conditions. 
Other progress such as the invention of an inverted scanning microwave 
microscope and broadband scanning microwave microscope are also briefly 
discussed. Non-invasive, quantitative, broadband and high spatial resolution 
characterization of different types of samples can be improved with further 
development of SMM. 
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1. INTRODUCTION 
1.1. Microwave in biological applications 
With the growing interest in the biological study and the potential benefits 
of health care problems, many fields joined efforts to conquer the toughest 
problems in biology and medical care. The microwave applications for biology or 
medical use exploded recently, such as treatment and determination of cancer 
tissues [1], dielectric measurement of cell suspensions [2], wireless power transfer 
systems for biomedical applications [3], etc. Microwave is playing a more and 
more important role in biology and medical implementation due to its non-
invasive, label-free and easy-integrate properties. 
Many works taking advantage of microwaves have been proposed and 
reported to explore and characterize the biological samples [4]. Most of them 
stopped at the macro range due to the fact that microwave wavelength is at 
centimeter to millimeter range. The Abbe diffraction limit shows that waves 
traveling in the air and converging to a spot will have a minimum resolvable 
distance, which is approximately half of the wavelength. However, in the 
following section, the technique which takes advantage of the near-field effect of 
the microwave will be introduced, which will later enable imaging and 
characterization of nanoscale biological samples with the microwave.    
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1.2. Background of scanning microwave microscopy 
Scanning microwave microscopy (SMM) is one of scanning probe 
microscopy techniques [5] which uses a probe with a nanometer tip radius to scan 
across a surface while detecting short-range interaction between the probe and the 
sample [6], [7]. Depending on the nature of interaction to be measured, different 
techniques were defined such as atomic force microscopy (AFM) if short-range 
force is used and scanning tunneling microscopy (STM) if tunneling current is used. 
The latter has been successfully used in imaging charge of single molecules [8]. In 
SMM the interaction of interest is the evanescent (near/quasi-static) 
electromagnetic field [9][10]. In this case, no wave propagation is involved. 
Therefore, the spatial resolution is not governed by the diffraction limit, namely 
Abbe’s limit, or microwave wavelength [11]. Instead, the spatial resolution is 
governed by quasi-static field distribution which is dominated by probe geometry 
especially the tip radius [12]. Thus, using a probe with a nanometer tip radius, SMM 
enables nanometer resolution despite the centimeter-long wavelength of the 
microwave. In other words, the resolution can achieve 10-6 of the working 
wavelengths.  
The basic idea of SMM dated back to the 70s [13]–[15]. However, it was 
only after Binnig and Rohrer won the Nobel Prize in 1986 for STM that a few SMM 
papers started to appear mainly on physics experiments modulating the STM 
current at microwave frequencies with homemade apparatus [16]–[20]. Soon after 
that, the value for defining the probe-sample interaction of the microwave signal 
was recognized. SMMs are based on either AFM or STM. Since the short-range 
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force is not related to the sample’s electrical properties, AFM-based SMM is more 
likely to work on non-conductive samples. On the other hand, STM-based SMM 
has fewer parasitics because the STM probe usually does not have cantilever.  
The first AFM-based SMM was commercialized by Agilent Technologies 
(now Keysight Technologies) a few years ago [21]–[24]. The tip holder, namely 
the nosecone, was modified to adapt a tiny microwave cable connecting a half 
wavelength coaxial resonator and a shunt 50Ω resistor to the port 1 of the 
microwave vector network analyzer (VNA), as shown in Fig. 1.1. The existence of 
the resonator and shunt 50Ω resistor increased the sensitivity at certain discrete 
frequencies. However, it has potential shortcomings since in most resonant 
frequencies the sensitivity is too low to get the informative images due to low 
signal-to-noise ratio and significant parasitic capacitance due to the probe reduces 
the actual useful signal. Moreover, the resonant approach won’t allow to readily 
explore the different charging and polarization mechanisms in biological samples, 
that could be used to perform microwave spectroscopy. The shunt 50Ω resistor will 
also dissipate part of the signal and contribute to thermal noise. In this AFM-based 
SMM, the nosecone is required to move along x, y and z-direction to follow the 
surface geometry. Since the microwave cable is connected to the nosecone, the 
cable will inevitably move along with the nosecone. This nanoscale movement will 
induce more noise and instability to the whole system, adding a further contribution 
to a specific artifact of SMM: the topography cross-talk, in which a replica of 
topography appears in SMM, partly due to parasitic capacitance that allows SMM 
to detect any displacement of the piezoelectric actuator (e.g. in response to the 
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sample tilt), and partly due to the change in tip-ground distance due to topographic 
features of the sample. Despite these solid difficulties, it is still widely considered 
as an easier way to work and characterize directly on the biological samples.  
Figure 1.1. (a) Nose cone assembly and placement of the AFM tip for the SMM. 
(b) Diagram of AFM-based SMM [23]. 
STM-based SMM [25]–[28], in which the same platinum probe was used 
for both STM and SMM, has the broadband setup to fully exploit the sensitivity, 
stability and dynamic range of a VNA. The non-contact nature of STM, as opposed 
to AFM, was potentially critical to probe soft and live biological samples. The 
parasitic capacitance of an STM probe is inherently lower than that of an AFM 
probe, which helps to mitigate the so-called “topography crosstalk”. However, the 
STM-based SMM can be hard to be operated on poorly conductive biological 
samples, especially in the liquid where faradaic currents are also present.  Moreover, 
unlike AFM, STM does not provide purely topographic information, since its image 
is affected by local variation of electrical properties of the sample, such as the 
density of states (DOS) on the surface. The STM-based SMM has been 
demonstrated the use in a number of chemically fixed biological samples [28]–[30]. 
Unlike the other commercial or homemade SMMs which are based on resonances 
at discrete frequencies, the frequency redundancy is also exploited through time-
domain Fourier transform, followed by time gating to extract information for 
superior image quality and to perform quantitative measurements.  
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Figure 1.2. STM-based SMM schematic [26]. 
Overall, the SMM technique has been widely used in multiple fields, such 
as thin films and bulk dielectric materials, CMOS chips, dopant profiling, sub-
surface metal detection, quantum hall effect, ferroelectric characterization, 2D 
material characterization. This new technique brings a totally new view and the 
possibility of nanoscale electrical characterization. The sensitivity of SMM needs 
to be improved to acquire an acceptable image signal-to-noise ratio (SNR). The 
feasibility needs to be further explored. Moreover, quantitative characterization 
protocols need a dramatic improvement in all cases, especially in the liquid 
environment, which we are most interested in.   
 
1.3. Challenges and motivation 
Currently, the single live cell observation relies on fluorescent staining or 
electron microscopy. Neither of them is compatible with real-time quantitative live 
cell study. For the sake of completeness, recently “environmental” electron 
microscopes have been made available [31]. However, the effect of the high energy 
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electron is still of concern. Moreover, the electron microscope only provides spatial 
structural information, not quantitative electrical properties. Similarly, 
measurements of electrophysiology rely on patch-clamp technique, which is 
invasive, lacks temporal and spatial resolution, and is not applicable to small axons 
and dendrites. These challenges can be potentially overcome by the SMM.  
The electromagnetic properties of a live biological system are extremely 
important to many medical applications. While information about the 
electromagnetic properties of tissues are available in the literature, little or no data 
are available for a single cell or subcellular structures [32]. 
Microwave cell detection has been demonstrated to be useful and promising 
in many medical applications due to their internal properties such as non-invasive, 
fast and label-free [33]. However, the spatial work dimension of the state-of-the-art 
electrical measurement and detection technique is limited to a single cell [32]. To 
further bring the spatial resolution of the electrical characterization technique down 
to the sub-cellular level or even the nanometer level, SMM is one of the most 
promising approaches.    
However, SMM at the nanoscale is still in embryonal development but 
promises to allow the characterization of cells and subcellular organelles with 
respect to their local dielectric and conduction properties. With the capacity for the 
microwave to penetrate through a cell membrane, microwave tomography can be 
eventually achieved. Both AFM-based and STM-based scanning microwave 
microscopy have their own limitations and need to be further developed for 
quantitative nanoscale characterization of biological samples.  
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The main motivation is to develop a quantitative SMM technique for the 
characterization of biological samples, especially live biological cells and 
organelles in their physiological environment to maintain viability.  The algorithm 
to achieve quantitative SMM should be a universal protocol that can be widely 
applied to other kinds of samples such as novel 2D materials or electronic devices. 
Compared to other scanning nanoprobes such as AFM and STM, SMM is unique 
for being able to noninvasively probe the structural and electrical properties of 
objects up to a few microns below the surface. This makes it ideal for studying live 
biological systems such as live cells. However, a cell needs to be kept alive in 
aqueous solution, while performing SMM in salty water remains challenging. The 
reason lies in high parasitics and loss associated with the solution’s high complex 
permittivity. Details will be discussed in Chapter 4.  
The challenges mentioned above post huge obstacles in making quantitative 
characterization by SMM. Additionally, making the quantitative characterization 
of a live biological sample in a physiological buffer with SMM is even more 
difficult. Multiple improvements need to be considered and proposed to overcome 
all these challenges. The preliminary quantitative characterization protocol 
presented in the proposal was further developed and applied to both dry and live 
cells successfully. The full-wave finite-element EM simulation in the microwave 
domain was carried out in both air and the liquid environment with arbitrary 
frequency selection. This result has been tested with robust analytical calculation 
and experimental verification. After that, the novel calibration algorithm for 
quantitative SMM applications was proposed. The dissertation will also briefly 
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present other achievements during the development of quantitative SMM and the 
future objectives/directions of quantitative SMM techniques, such as broadband 
SMM and inverted SMM, not limited to biological characterization. 
 
1.4. Organization of the dissertation 
Chapter 2 will introduce the theoretical basis of SMM and related topics, 
plus the experimental preparation. Chapter 3 will discuss the quantitative 
calibration techniques of SMM, including the developed calibration algorithm and 
3D EM simulations. The novel calibration algorithm based on it can be applied to 
acquire probe-sample impedance information, and further extract the dielectric 
properties of samples in a complex environment including a physiological buffer. 
Chapter 4 will discuss the experimental results achieved on a live cell in its 
physiological buffer. Chapter 5 will briefly discuss other accomplished work like 
broadband SMM and inverted SMM, following the ideas on future research of 
quantitative SMM and its applications. 
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2. PRINCIPLES AND EXPERIMENT PREPARATION 
2.1. Near-field interaction 
While the typical wavelength at the microwave frequency range is ~1 cm, 
the resolution of SMM can easily reach the nanometer range. In other words, the 
resolution is approximately one-millionth of the free wavelength of the microwave. 
Intuitively this is contradictory to Abbe’s limit, the resolution of the best optical 
systems is about half wavelength.  
 
2 sin 2
d
n NA
 

= =  
(2-1) 
d is the diameter of the focusing point, corresponding to resolution. 𝜆   is the 
wavelength, n is the refractive index of media or environment, NA is the numerical 
aperture.  
The reason why SMM resolution can reach one-millionth of wavelength lies 
in the physics of the near fields and radiation generated by a local oscillating source 
[34]. In most cases, people are mostly focused on far-field radiation when they think 
about spatial resolution due to the common use of communication and broadcasting 
systems. For the far-field, the relevant distances are much larger than the size of the 
oscillating source and the wavelength of the electromagnetic wave, where Abbe’s 
resolution limit applies. However, there are two other regimes, the intermediate 
zone, where 𝐷 ≪ 𝑟 ~ 𝜆 and the near-field zone where 𝐷 ≪ 𝑟 ≪ 𝜆 [34]. For SMM, 
the interaction mostly happens in the near-field zone. The effective radius of the 
probe, as the characteristic size of the source, is about one-millionth of the 
wavelength. The spatial resolution is dominated by the size of the probe rather than 
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the wavelength of the electromagnetic wave. In the air environment, the 
electromagnetic field around the probe can be considered quasi-static [34]. The 
shape of electromagnetic fields is determined by the shape of the probe and the 
spatial electromagnetic properties of the surrounding region. By a nanoscale 
metalized probe, the field will be localized, which basically results in localized 
microwave interaction with a small volume of the sample. As a result, a typical 
SMM consists of a very sharp metal probe integrated into other SPM techniques 
such as AFM or STM, in which the atomic force or tunneling current works as the 
mechanism to bring this probe in close proximity to the sample, while the network 
analyzer collects the microwave information containing the material dielectric 
information. 
 
2.2. Scattering parameters 
S parameters, referring to the elements of a scattering matrix, are basically 
reflection and transmission coefficients of the N-port network. Unlike the Z-
parameters or Y-parameters, S-parameters are mostly used for networks operating 
at radio/microwave/millimeter-wave frequency where open or short circuit 
condition cannot be easily defined. Signal power can be quantified easier than 
current and voltages at a high frequency where the physical length of the 
transmission line is comparable to the wavelength of the signal. 
As shown in Fig. 2.1, in the two-port network with incident wave a1 and 
reflected wave b1 at port 1 and incident wave a2 and reflected wave b2 at port 2, the 
S parameters can be defined as follow: 
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Figure 2.1. S-parameter schematic. 
The above equations for S11 and S21 are derived from network analysis by 
setting the value of the incident signal a2 = 0 and solving for the above S-parameter 
ratios as a function of a1. Similarly, S12 and S22 are derived by setting the value of 
a1=0 and solving for the other ratios. Note that, S parameters vary with frequency; 
therefore, their values over frequency is usually measured by the electrical 
measurement equipment VNA. Moreover, if a system is passive and contains only 
reciprocal materials, the network will be reciprocal where S21 = S12 will be observed. 
Usually, the scalar logarithmic (decibel or dB) expression for S parameters 
is more commonly used than scalar linear expression. The insertion loss is the 
magnitude of the transmission coefficient S21 expressed in decibel, while the return 
loss is the magnitude of the reflection coefficient S11 expressed in decibel. 
In the regular SMM system setup, the one-port measurement was performed 
due to the reflective nature of the system. While in the latest developed inverted 
14 
 
SMM system, both one-port or two-port measurement can be performed for higher 
dynamic measurement [35].  
 
2.3. SMM system structure 
In regular SMM setup, including regular AFM-based SMM or STM-based 
SMM, one-port measurement is typically taken due to its reflective nature. 
The simplest block diagram of regular SMM is shown in Fig. 2.2. Due to 
the simple nature of the matching network, typically containing several coaxial 
cables and passive elements like resistors without any change during the 
measurement, the error-box correction can be applied to remove uncalibrated 
parasitic parameters [25]. This will serve the mathematical foundation of any in-
situ calibration algorithm of SMM, which will be discussed in detail in Chapter 3.   
 
Figure 2.2. Block diagram of SMM circuit structure.  
Despite the actual error-correction matrix which will be evaluated in an 
individual experiment, the general broadband behavior of the regular SMM system 
is qualitatively predictable. The representation of circuit-level approximation was 
shown in Fig. 2.3(a), while the broadband sweep as shown in Fig. 2.3(b). The 
parameters of the elements in Fig. 2.3(a) is given in Table I.  Note in regular SMM 
experiment, only one frequency is selected. The broadband sweep gives the 
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qualitative explanation, while the quantitative calibration is relying on the error-
correction matrix for individual conditions, which will be discussed in Chapter 3. 
 
(a) 
 
(b) 
Figure 2.3. (a) Equivalent circuit model of a typical SMM setup, including cables, 
the shunt resistor, and the RS //CS parallel circuit representing the complex probe-
sample interaction. (b) Measured (―) vs. simulated (---) reflection coefficient S11 
from 4 to 9 GHz for an SMM probe over a conductive substrate in the liquid 
environment [36].  
 
Table 2.1. SMM equivalent circuit parameters in Figure. 2.3 [36]. 
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2.4. Cell culture 
For proof of concept, L6 rat myoblast cells were used due to their large size 
and adherent nature. After incubating for a certain amount of time, L6 cells will 
turn from a floating round cell like any non-adherent type, e.g. HEK cells or Jurkat 
cells, into flattened cells covering tens of microns areas. The adherence is rather 
robust, mattering with the type of substrate. However, the adherence will degrade 
with the time after they are taken out of the CO2 incubator inevitably. As a result, 
the timing to perform experiments on live cells is critical.  
Source L6 cells were first detached from the original flask by using 0.25% 
Trypsin solution for 5 minutes. After centrifuging, the L6 cells were counted to be 
the correct total number (1~2 million) and density (50,000/cm3) with the 
hemocytometer. They were then dispensed again into fresh high-glucose D-MEM 
medium with heat-inactivated fetal bovine serum and penicillin-streptomycin [37]. 
This type of medium is suitable for L6 cells’ growth and will be referred to as the 
L6 culture medium directly throughout this dissertation.  
The L6 cell suspension in the L6 culture medium was then transferred to a 
4-cm-diameter Petri dish. The Petri dish was filled with 4-ml of L6 culture medium. 
The sample holder was specially made so that the cells were immersed around 2.5 
mm deep. To probe cells at this depth, the SMM probe and its cantilever holder 
were both inevitably immersed in the L6 culture medium which greatly increased 
the parasitics. The good side is, the surrounding environment where the localized 
microwave interaction happens is uniformly the L6 culture medium. Prior to the 
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transfer, the bottom of the Petri dish was lined with a 0.2-mm-thick polyethylene 
terephthalate (PET) film. The PET film had an indium-tin-oxide (ITO) surface 
coating with a sheet resistivity of 50 Ω/sq. The transparent and conductive ITO 
substrate served as the ground electrode without obscuring the cells that adhered to 
it. After the transferring, they were sent into the incubator together and cultured at 
37 ℃ under 5% CO2 for more than 24 h for complete attachment. The optical 
observation by a confocal microscope, regular optical microscope, and AFM 
observation of live L6 myoblast cells are shown in Fig. 2.4.  
   
(a)          (b)       (c) 
Figure 2.4. (a) Optical microscopy by confocal microscope (b) Optical zoom 
during AFM scanning (c) AFM images of live L6 cells attached to the ITO-coated 
PET substrate. 
Dried cell samples were similarly prepared according to the previous 
protocol. After they were taken out of the incubator, they were left to dry in a 
sanitized environment at room temperature under ~25% humidity for more than 24 
h. AFM scans indicated that cells were sufficiently dry and robust to allow easy and 
repeatable tests for verification. 
Cell viability and attachment evolution were monitored by Trypan-blue dye, 
with the help of phase-contrast illumination optical microscopy. Fig. 2.5 confirms 
that SMM is indeed noninvasive by monitoring the viability and attachment of live 
L6 cells for 10 h after transfer from the incubator to the SMM sample stage under 
room conditions. Actual SMM experiments were typically performed only between 
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hour 1 and hour 6. It can be seen that most cells (over 90%) were viable even after 
10 h. It should be noted that the rate of decline was not significantly perturbed by 
the SMM scans, considering the experimental results shown in Chapter 4. However, 
after 10 h, all cells detached and floated in the medium in spherical shapes but 
remained viable. In general, freshly prepared live cells attach well. On the present 
SMM sample stage, cells are kept alive in a Petri dish filled with the L6 culture 
medium. However, without fresh medium or ambient CO2, cells gradually lose 
vitality and detach from the substrate. Once a cell is detached, it can no longer be 
scanned because it will be pushed around by the SMM probe. 
 
Figure 2.5. Viability and attachment of live L6 cells on the SMM sample stage. 
Insets show optical micrographs taken at the beginning and after 10 hours [36]. 
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2.5. Frequency-dependent dielectric property of the medium 
It is rather straight forward to perform most types of SPMs in air, due to 
the fact that most SPM distance control mechanism was developed and fully 
optimized in air. Indeed, in most cases, probing in air suffices. However, to 
characterize a live biological cell directly in its physiological environment, the 
property of the environment needs to be carefully studied. The mechanical 
properties, such as viscosity, can be directly optimized and controlled with the 
force sensing feedback loop. The dielectric properties of the environment, e.g. L6 
culture medium, are significant to determine the dielectric properties of the 
sample under test, e.g. live cells. In the full-wave simulation, this is one of the 
most important parameters to acquire quantitative results. Luckily, many 
parameters are typically fixed, making the variables more restrictive. The 
temperature is typically fixed at room temperature (25 ℃). The ion-concentration 
and chemical composition for a certain type of cells are highly mature and fixed.  
To replace air with the L6 culture medium in the simulation, the medium 
was characterized by an Agilent Technologies 85070E performance dielectric 
probe set, as shown in Fig. 2.6. The performance dielectric probe can reliably 
measure dielectric properties of liquids from 500 MHz to 26.5 GHz. This will 
provide useful information for the calibration of raw experimental results in 
regular SMM. Moreover, it will provide theoretical guidance for the development 
of quantitative broadband frequency-domain/time-domain scanning microwave 
microscopy. 
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Figure 2.6. Agilent 85070E performance dielectric probe setup. 
The complex permittivity of the L6 culture medium was measured across 
1 GHz to 9 GHz at room temperature, after the three-standard calibration with 
open, short and standard deionized water, as shown in Fig. 2.7. As a comparison, 
the complex permittivity of deionized water was also measured simultaneously. It 
can be seen that the culture medium permittivity resembles that of deionized 
water, except at low frequencies where the imaginary part of the culture medium 
is significantly higher than that of deionized water due to the difference in ionic 
content. The culture medium is rather conductive due to the higher ion 
concentration, while the conductivity of deionized water quickly drops to 0 at low 
frequencies.  
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Figure 2.7. The measured relative permittivity of the L6 culture medium (―) vs. 
that of deionized water (- - -). 
 
 
2.6. 3D full-wave finite element simulation 
In a typical full-wave finite element approach reported before [38], [39], 
only the very end of probe tip was considered, in quasi-static condition. We propose 
to model the whole probe dynamically, including the cantilever, with an extremely 
high aspect ratio, approximately 107. In this case, the interaction between the probe 
and sample can be resolved considering a broader frequency range, also allowing 
to account for dispersive material properties.  
The quantitative full-wave simulation will be used to guide novel 
experimental design and to interpret experimental data with SMM. The extremely 
high aspect ratio in this type of multi-scale simulation spanning from the cantilever 
and air box in 1 cm range to the very end of probe apex in 1 nm range is always 
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challenging in any reported full-wave simulation, especially when the case is full-
wave, not quasi-static. Over the past few years, the combined use of commercial 
simulators HFSS and COMSOL-RF have been developed and studied over the 
application on SMM to solve the problem we mentioned above. It should be noted 
that it is very challenging because they are designed to compete rather than to 
cooperate. Although HFSS and COMSOL both claim to be full-fledged finite-
element electromagnetic simulators, each has strengths and weaknesses. HFSS is 
more efficient for full-wave dynamic simulation with sweeping frequencies 
whereas COMSOL is more efficient for single-frequency static simulation. 
COMSOL has stronger adaptive meshing based on structure rather than wave 
propagation and power distribution, making it more suitable for multi-scale 
simulation and more consistent with the system has some geometric change; HFSS 
has a rather rigid meshing based on wave propagation and power distribution, 
making it less efficient for multi-scale simulation and less flexible in specifying the 
mesh. Therefore, typically HFSS was used to simulate the dynamic response of the 
cantilever or designed transmission line working as port or device under test, and 
to obtain the approximate field distribution at all frequencies. COMSOL-RF was 
used to simulate the static field variation with probe scanning, introducing 
geometrical movement of the whole structure, at certain frequencies. The finer 
mesh will be used while ensuring it is in general agreement with the results by 
HFSS. The COMSOL-RF will be also used to model the cells using the information 
obtained from the AFM. 
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A simple example is shown in Fig. 2.8. The simulation was conducted in 
COMSOL. Fig. 2.8(a-b) show the electric field and voltage distribution of a parallel 
plate capacitor. The results show that the mesh is sufficient to show the physical 
distribution of electric fields. The capacitance value was evaluated as 0.732 pF, 
which is slightly (3.4%) larger than the analytical solution, 0.708 pF, of parallel 
plate capacitor. The reason lies in the fringing effect. The analytical solution is 
always smaller than the real value. However, when the parallel plate is larger 
enough compared to the distance between two plates, the fringing effect can be 
reasonably ignored. In real and accurate SMM probe-sample interaction modeling, 
the fringing effect can never be ignored. This also justifies why we need a fine mesh 
to study the accurate effect of probe-sample interaction. 
 
 
Figure 2.8. Parallel plate capacitor simulated in COMSOL static mode. (a) Electric 
field distribution. (b) Electric potential distribution. Actual conductive probe like 
the one used in the real SMM setup. (c) electric field distribution. (d) Surface 
potential distribution. 
Fig. 2.8 (c-d) shows the electric and voltage field distribution of the end part 
of the probe. The color bar range was set to be the same as the previous figures for 
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consistency. It can be seen that the electric field at the apex of the probe is much 
stronger than any other part of the SMM probe, which is physical and consistent 
with the physical model. The strong field will interaction the sample under test and 
the reflection will show the difference between the sample and the environment.  
The mesh and application of both HFSS and COMSOL-RF have been 
studied to verify their advantages and disadvantages for feasibility on SMM. Fig. 
2.9 shows the mesh condition between the two cases. It can be seen that the mesh 
in COMSOL-RF is generally finer than HFSS. Moreover, the mesh can be adapted 
to real conditions dynamically in COMSOL-RF, which makes it much more 
powerful in simulating moving structures like SMM probe. However, HFSS is 
more efficient for sweeping multiple frequencies. 
 
Figure 2.9. (a) Mesh of a probe over sample holder in HFSS. (b) Mesh of a probe 
over sample holder in COMSOL-RF. (c) Zoomed mesh near probe apex in HFSS. 
(d) Zoomed mesh near probe apex in COMSOL-RF. 
To build up the complete model, the first step is to acquire all effective 
physical parameters of the probe. After acquiring all physical parameters, they will 
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be implemented in full-wave simulation, making sure that the tip radius, cone angle, 
and height were identical to those in the analytical model. Then the surrounding 
environment should be replaced from air to a specific culture medium. For example, 
in an experiment with cells in the physiological buffer, the corresponding culture 
media will be the environment. The broadband dielectric properties were acquired 
through a dielectric probe kit by Agilent, which can support from 500 MHz to 20 
GHz, as shown in the previous section. The behavior of impedance in lossy liquid 
has to be accurately predicted due to the density of the surrounding liquid will 
induce non-negligible distributed electromagnetic effects.  
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3. QUANTITATIVE CALIBRATION TECHNIQUES 
3.1. Introduction 
To date, the application of SMM in biology is mostly limited to qualitative 
imaging [40], while quantitative results are limited to dead samples in dry or humid 
conditions [38], [41]. There are mainly two reasons for this.  First, the SMM is hard 
to achieve in the physiological environment. The aqueous solution will increase the 
dragging force, making the atomic force less sensitive [42]–[44]. The ion-
concentration will increase the loss across at both low frequencies and microwave 
frequencies. Second, it is mainly due to the lack of accurate calibration in a complex 
environment. Conventional SMM calibration techniques considered mainly the 
intrinsic interaction between the simple conductive ground substrate and the very 
end of the conductive probe tip in air. The calibration technique was first developed 
on reference capacitors [23], [24], [45]–[47], which suffered from the change of 
parasitic interactions such as those associated with the probe body and the probe 
cantilever in actual probing. Later, in situ calibration techniques were introduced 
for STM-based SMM [25] and improved for AFM-based SMM [48] with much 
higher reproducibility. However, these techniques could not be applied in a 
physiological buffer mainly because of the aggravated parasitic interactions 
between the buffer and the entire probe [49]. As a result, previous biological 
application of SMM was mostly limited to dried cells in the air [30], [38], [41]. 
By contrast, we developed a novel in situ calibration technique applicable 
to SMM of a live cell in a physiological buffer. This technique exploits the 
advantages of approach [48] which uses EFM data available in air and the ones in 
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[25] where loads are numerically simulated and calculated. This chapter will mainly 
discuss the development of the quantitative calibration technique with both 
numerical simulation and analytical modeling. Please be noted that although the 
calibration technique was developed for the purpose of regular SMM application, 
a similar idea works for the novel inverted SMM [35], and broadband SMM [50], 
since the key of this development is to find accurate load values for calibration. 
  
3.2. Calibration block workflow 
The basic idea of all in-situ SMM calibration techniques is to use the error-
correction matrix to remove all uncalibrated networks before the localized probe-
sample interaction with known standards, like the circuit diagram shown in Fig. 3.1. 
The question is, how to acquire reliable known standards in SMM? Not like in 
traditional microwave calibration, e.g. connector-based or RF-probe based SOLT 
calibration, there is no perfect “short” or “open” at the nanoscale. The “short” 
cannot be reliably acquired due to the sophisticated surface properties of both probe 
and substrate (sample), and the minimal force modulation by AFM. The “short” 
induced spread resistance is strongly modulated by the actual contact region 
between the probe and sample, which may vary with a lot of uncontrolled factors. 
In typical connector based SOLT calibration, the wrench needs to be adjusted to 
add appropriate force to get a reliable connection. In typical wafer probe-based 
SOLT calibration, the probe needs to overtravel tens of microns after contact to get 
sturdy “short”. In AFM, the modulation of contact force is minimal, to protect the 
fragile probe with only nanometer tip radius. The perfect “open” cannot be achieved 
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either because the probe-substrate capacitance will change with the probe-substrate 
distance.  
 
 
Figure 3.1. Simplified circuit diagram of a regular SMM setup. 
The solution is the intermediate state. The reliable standards can be acquired 
from a simultaneous approach curve by electrostatic force microscopy (EFM), 
which is a rather mature technology to measure capacitance change information 
working at low frequencies, i.e. kHz range. The cantilever was fed by an oscillating 
voltage at frequency ω. As a result, the time-dependent force is related to the second 
harmonic of ω and the derivative of the capacitance with respect to distance, 
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where SD is the deflection sensitivity, g is the gain, V0 = 3 V, VESF is the measured 
force voltage by force sensor, α is the force constant of the probe, z is the probe-
substrate distance. 
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Therefore, the capacitance change of probe-substrate interaction with 
respect to different probe-substrate distances can be integrated and calculated. The 
localized interaction is mostly quasi-static. The capacitance change recorded by 
EFM can be used to extract approximated physical parameters of probe apex such 
as tip radius, cone angle/height based on analytical models in the air. Then the probe 
geometry such as equivalent cantilever length can be finally determined and overall 
optimized by comparing and fitting in full-wave simulation in COMSOL-RF. Thus, 
the absolute impedance instead of relative change in impedance can be evaluated 
by simulation. This information acquired by EFM can be used as the standard for 
the calibration of SMM in air. Again, please note that Fig. 3.1(a) is just a conceptual 
diagram. For example, in the broadband SMM, we developed [50], there is no shunt 
50-ohm resistor in the network. However, the basic idea of calibration to acquire 
known standards remains the same.   
The measured reflection coefficients S11,m of an approach curve was used to 
evaluate its raw admittance yA.  
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(3-3) 
yL together with the parasitic Y
e connect to the port of the VNA. As in the 
calibration curve, yL was already evaluated. Then Y
e can be calculated from the 
measured S11,m. Then Y
e was de-embedded from yA when the probe actually 
scanning over the real sample and the remaining yL will be used to calculate the 
intrinsic probe-sample dielectric properties. The detailed protocol to de-embed the 
parasitics was introduced originally in [25], using the error-correction matrix. 
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After the calibration, the calibrated localized S-parameters can be translated 
into a localized impedance of probe-sample interaction. The SMM probe will start 
to scan across the sample, following sample topography, moving along x, y, z 
directions instead of just z-direction in the calibration approach curve. To perform 
quantitative SMM, the key is to extract the equivalent probe geometric parameters 
from the approach curve, like the probe tip radius, cone angle, and height. The 
details will be discussed in the following sections. The geometric parameters will 
be significant in two ways. First, if the sample has a simple nature, e.g. a uniform 
thin dielectric layer, an approximated analytical solution can be used to extract the 
dielectric properties directly given the geometric parameters of the probe. Second, 
for most samples with more complicated structures and properties, the information 
of the sample will need to be extracted through dedicated numerical modeling based 
on finite-element simulation software like COMSOL, like what we will do in the 
next section. In this case, in addition to calibration, the raw S-parameters, the 
capacitance change information acquired by EFM will also be used to extract the 
probe geometric parameters. These parameters will form the essential part of a 
precise finite-element simulation. 
After the formation of a precise finite-element model, the sample under test 
or the environment can be changed or swept to match the calibrated experimental 
results. Therefore, the dielectric properties can be extracted. 
 
31 
 
3.3. Determination of loads by full-wave simulation 
To build an accurate multiscale full-wave EM model, various geometric 
parameters need to be extracted. One of the early works to extract probe geometric 
parameters was referenced [51]. We modified and elaborated the equations as 
following,  
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(3-7) 
where z0 = 3 μm is the vertical travel range of the probe scanner. ΔCBALL, ΔCCONE, 
and ΔCCANTI are capacitance changes associated with the probe tip, cone body, and 
probe cantilever, respectively. These capacitance changes can be characterized by 
reduced parameters r’, h’, and l’, respectively.  
A typical case for the Rocky Mountain platinum probe over a conductive 
substrate was shown in Fig. 3.2. It shows that the measured, simulated and 
analytically modeled ΔCS (z) are in good agreement with a minimal discrepancy. 
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Constrained by nominal values provided by the probe manufacturer, a unique set 
of parameters of the probe geometry (r = 0.66 µm, θ = 24°, h = 50 µm, l = 400 µm, 
w = 60 µm, and t = 2 µm) quickly emerges when fitting the simulated or modeled 
ΔCS (z) with that measured. The fitting was done by tuning the parameters manually 
by minimizing the overall root-mean-square error between the measured and 
simulated or modeled values.  
 
 
Figure 3.2. (a) Measured (—), simulated (●), modeled (---) capacitance changes as 
functions of the SMM probe height z above a bare conductor substrate in the air 
[36]. 
Although this may affect the results in a minimal way, the final parameter 
values were determined by numerical simulation instead of analytical modeling. 
The modeling mainly targets at finding the geometric parameters swiftly and 
justifies sparse simulation as each simulation takes hours to complete. Since r and 
θ are the most critical parameters to probe modeling and sample characterization, 
they are typically optimized to the second digits whereas other parameters are 
optimized with single-digit precision. However, these other parameters cannot be 
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neglected. Because they have significant weight in de-embedding the parasitic and 
topography effects. 
 
(a) 
 
(b) 
Figure 3.3. (a) The electric field of SMM structure including cantilever in full-wave 
simulation using COMSOL-RF, with an 80-µm tip shank height, 200-nm tip radius 
at 7 GHz. The surrounding environment is deionized water, with a pre-set 
permittivity of 70 – j30. The mesh was specified according to the geometrical 
distribution in the system, optimizing the calculating accuracy and speed. The 
electric field around the 200-nm tip apex with the same color bar when the tip is (b) 
10-nm, (c) 50-nm, (d) 100-nm, and (e) 300-nm away from the surface. 
The multiscale full-wave model was optimized and can finally be built. As 
shown in Fig. 3.3, the maximum structural length is at millimeter range, whereas 
the minimum structural length is 1 nm (the minimum mesh size over probe tip). 
The aspect ratio is over 106. The actual aspect ratio can be even larger because the 
minimum mesh between the apex and sample needs to be below 1 nm to get 
physical and meaningful field distribution. With fully optimized mesh, 
compromising the calculation time and accuracy, reasonable and consistent results 
have been achieved. The tip has been lifted 10 nm, 50 nm, 100 nm, and 300 nm to 
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show electric field distribution with respect to different probe-substrate distance. 
Note that the color bar is the same across the four images from 0 to 1×107 V/m. The 
field intensity decreased accordingly with the tip far away from the conductive 
surface, serving as the microwave ground. The field was distributed smoothly 
around the apex, which can be further verified by the smooth change in the 
simulated S-parameter approach curve.  
After achieving the geometrically fine-meshed structure including the 
cantilever, the microwave port can be implemented directly. The S-parameter 
matrix can be implemented in ADS circuit-level simulation to further check the 
robustness. Taking the previously achieved platinum probe parameters, a 
capacitance around 15 fF can be achieved, particularly in the air, which is 
reasonably correct considering the fringing effect between the probe cantilever and 
the conductive substrate. As we always mentioned, in air, the probe-sample system 
can typically be regarded as quasi-static. During the approaching, if the material is 
highly conductive, the capacitive part will change. A shunt variable capacitor is 
enough to represent the load condition.  
After the validated the multiscale simulation, the electromagnetic 
simulation was extended to an intermediate case in which the air was replaced by a 
physiological buffer or any type of liquid of interest with a complex permittivity. 
In this case, the simulated impedance will not only contain capacitive part CS but 
also includes the conductive part GS, e.g. 1/RS. The simulated changes in the GS and 
CS representing the complex probe-sample interaction was used to calibrate the 
circuit model of the entire SMM so that it could be used for de-embedding out the 
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parasitics from the cables and connector between the VNA port and load 
experimentally measured S11. 
To replace air with the L6 culture medium in the simulation, the medium 
was characterized across broadband from 1─9 GHz by the Agilent Technologies 
85070E dielectric probe as shown in chapter 2.5. As an example, a relative 
permittivity εR = ε’R – jε”R = 65.2 – j28.4 can be used to analyze the SMM scans 
at 7.7 GHz. We can see that the real part decreased by 10% from the water 
(culture medium) at low frequencies, i.e. kHz range. However, the imaginary part 
has increased tremendously and had a significant effect on the overall impedance 
interpretation. 
As introduced in Chapter 2, the equivalent circuit of the entire SMM setup 
comprises GS //CS and coaxial cables before terminating in the VNA port. Please 
note the detailed circuit parameters cannot be used in the calibration process, 
rather, it demonstrates that the physics of the overall assembly can be captured by 
a simple static equivalent circuit. On the other hand, the calibration is performed 
assuming the system is an error-correction matrix whose parameters were 
determined by using loads acquired by simulation at a different probe-sample 
distance [25]. 
Finally, a cell resembling the real sample will be inserted between the 
probe and the substrate in the simulation. Fig. 3.4 illustrates the simulated electric 
field intensity on a live L6 cell with a thickness of 3 μm and a relative permittivity 
εR = 30 – j15 in the L6 culture medium at 7.7 GHz. The relationship between the 
cell permittivity and simulated capacitance and conductance changes with respect 
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to the intermediate state (in buffer without cell) will be further discussed in 
chapter 4, which is a necessary step to extract the cell permittivity.   
 
Figure 3.4. Simulated electric field distribution with the probe on a live L6 cell 
with a relative permittivity εR = 30 – j15 and a thickness of 3 μm in the D-MEM 
medium [36]. 
 
3.4. Topography crosstalk, as-measured and intrinsic impedance 
Start from the case in the air with a simple dielectric sample, where no 
resistive part of impedance interferes. SMM of a nonplanar sample is always 
complicated by the sample topography [29] because of all parameters in Eq. (3-4) 
change as the probe is lifted to different heights above the substrate, even when the 
sample permittivity is uniform or even there is actually no sample. This is the so-
called topography crosstalk. Fortunately, with the simultaneous AFM measurement 
of the sample topography, the topography crosstalk can be calculated by using 
different z values in Eq. (3-4) and verified by simulation. Here we should emphasize 
that Eq. (3-4) is only applicable to the case in air. In other solutions with complex 
permittivity, full-wave simulation is preferred to provide accurate solutions 
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containing both real and imaginary parts, although the idea is still similar in 
extracting the intrinsic impedance. The topography crosstalk 
capacitances/impedance can then be subtracted from the as-measured 
capacitance/impedance to obtain the ‘intrinsic capacitance/impedance’, which 
depends only on the local sample permittivity near the probe tip. For example, if 
we scan across a sample with the exact same permittivity with the environment, the 
intrinsic capacitance/impedance should be exact 0. This way, the intrinsic 
capacitance/impedance can be used to extract the sample permittivity directly. 
To further explain this, a simulation study based on the experimental 
approach curve done with EFM was carried out. In Fig. 3.5, an approach curve was 
analyzed with Eq. (3-4) and simulated in COMSOL-RF in air.  The analytical 
solution fits reasonably well with the simulation results. The probe geometric 
parameters are: r = 0.64 µm, θ = 23°, h = 50 µm, l = 400 µm, w = 60 µm, and t = 2 
µm. Setting the piezo movement limit z0 = 3 µm as the reference point, we can 
easily get the information that the capacitance increased by almost 400 aF when it 
approaches 3 nm away from the surface.  
 
Figure 3.5. Analytical (—) and simulated (…) approach curve comparison with the 
tip-sample distance plotted in linear (left) and log scale (right). 
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Following the calibration protocol, this calibrated system in COMSOL-RF 
was used to scan across a simulated sample with 10 µm in length, 10 µm in width 
and 40 nm in height.  The probe follows its topography, just like in the real 
AFM/SMM scan. Fig. 3.6 shows an example of the scanning probe simulation. 
However, please note the geometry parameters of the sample in Fig. 3.6 is not the 
same as the parameters previously mentioned. As a result, a difference in aspect 
ratio may appear while the idea is the same.  
 
Figure 3.6. (a) Simulated contact trace of the tip across a rectangular dielectric 
sample. (b) Surface electric field distribution when the tip is landed on the center 
of the sample under test. 
 The as-measured capacitance change and intrinsic capacitance change are 
directly from the simulation results with the calibrated probe scanned across the 
pre-defined sample with 40 nm in height. First, from the as-measured capacitance 
change, it can be seen that the capacitance changes most when the dielectric 
constant of the sample is 1, which is identical to the environment. With the increase 
of the dielectric constant, the capacitance difference between the center and the side 
is small, because of the higher dielectric constant increases the capacitance between 
the tip and substrate, compensating the capacitance difference. This compensation 
is the so-called intrinsic capacitance. Subtracting the curve acquired on different 
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dielectric constants samples from the one acquired with dielectric constant equals 
to 1, the intrinsic capacitance change curve can be acquired, as shown in Fig. 3.7 
(b). The intrinsic capacitance correlates directly with the dielectric properties of the 
sample. Given the geometric parameters of the probe and the sample thickness, the 
permittivity information can be directly translated from the intrinsic capacitance 
change. For example, in Fig. 3.7 (b), a change of ~25 aF corresponds to the sample 
dielectric constant of 2; a change of ~55 aF corresponds to the sample dielectric 
constant of 4.  
 Note that though the previous example is a purely lossless sample scanned 
in the air environment, similar ideas and protocols can be applied to the lossy 
sample in the physiological buffer, like what we will discuss in detail in Chapter 4.   
 
  (a)          (b) 
Figure 3.7. Simulated (a) as-measured capacitance change and (b) intrinsic 
capacitance change with the scan distance across a dielectric sample. 
 
3.5. Additional consideration on samples across insulator to conductor 
In the previous section, the case of a lossless sample was discussed. In Fig. 
3.8, the conductivity of the sample was swept from 1×10-7 S/m to 1×107 S/m. Other 
conditions like probe geometric parameters remain the same. We can see the 
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approach curves are all in similar behavior when it is 300 nm away from the 
substrate while having a stronger difference when the probe further approaches the 
surface. This behavior is reasonable considering the microwave field penetration. 
The high conductivity sample will block most of the electric field around the tip, 
serving as a new ground, which is closer to the probe tip compared to the original 
conductive ground substrate. The low conductivity sample will let most fields 
penetrate through the sample, serving as a virtual air or lossless dielectric.  
 
Figure 3.8. Simulated approach capacitance change curve with different sample 
conductivity. 
 Fixing the probe position 3 nm above the sample, with the real part of 
permittivity (ε’R) fixed at 1. The conductivity was swept from 1×10-7 S/m to 1×107 
S/m, plotted as the x-axis in log scale. It can be seen from Fig. 3.9 that the evaluated 
capacitance change verifies the previous approach curve analysis when the sample 
conductivity is below 0.1 S/m. The higher the dielectric constant, the higher the 
capacitance. When the sample conductivity is around 1 S/m, the capacitance 
sharply increases in all cases to a certain maximum capacitance. When the sample 
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conductivity is over 10 S/m, the capacitance is at its maximum no matter the value 
of ε’R, showing the dominance of the lossy factor in the sample.  
 
Figure 3.9. (a) Simulated capacitance response with respect to the change of sample 
conductivity under test, with the probe 3 nm above the sample.  
 
3.6. Additional consideration on full-wave simulation of a live cell 
Broadband nanoscale dielectric characterization of live cells or organelles 
requires a quantitative model and interpretation of experimental data based on the 
full-wave model proposed in previous sections. The topography information can be 
imported and considered for verification purposes.  
Fig. 3.10 shows the full-wave simulation results after importing the real 
topography geometry of scanned live L6 cells with the Discrete Element Method 
(DEM). Results were based on a platinum probe while the ITO-PET substrate was 
included. The field around the apex shows strong contrast to other parts of the probe. 
The field penetrates the cell body. The mesh has been tuned to sufficiently show 
the field distribution, reflecting the 3D electrical information. In (d-g) we can see 
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that the discontinuity at the surface is more obvious when the difference between 
the dielectric constants of sample and environment is larger. 
 
Figure 3.10. Electric field intensity at 7.757 GHz base on electromagnetic 
simulation when the whole geometry of the L6 cell was imported in COMSOL-
RF. (a) side view. (b) general view (c) zoomed near the apex region. (d-g) Electric 
field intensity distribution with ε' change across 80, 60, 40 and 20, when ε'' is 
fixed to 28.4, which is the same as the environment, L6 culture media. The color 
range is the same from 0 to 3×106 V/m. 
Replacing the geometry by a dielectric layer with the same thickness the 
infinite dielectric pad can approximate reasonably local contrast of permittivity 
found in actual conditions, as shown in Fig. 3.11. The electric field intensity for 
probes over a finite-sized dielectric layer at different combinations of real and 
imaginary parts of permittivity is plotted in Fig. 3.11. Decreasing the real part of 
the permittivity reduced the intensity of the electric field as expected, since 
creating a discontinuity at the boundary of the sample and environment. On the 
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other hand, the imaginary part of permittivity reduced the electric field intensity 
overall gradually at this range.   
 
Figure 3.11. (a-c) Electric field intensity changes with ε', when ε'' is fixed to 28.4, 
which is the same as the environment (L6 culture media). (d-f) Electric field 
intensity changes with ε'', when ε' is fixed to 65.2, the same as the environment 
(L6 culture media). 
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4. QUANTITATIVE SCANNING MICROWAVE MICROSCOPY 
ON DRY AND LIVE CELLS 
4.1. Introduction  
SMM is a powerful technique for quantifying the dielectric properties of 
organelles and vesicles of a live cell in a physiological buffer. However, to date, 
the application of SMM in biology is mostly limited to qualitative imaging, while 
few quantitative results have been performed on dead or barely alive samples. By 
contrast, we developed a novel in situ calibration technique applicable to SMM of 
a live cell in a physiological buffer. This technique exploits the advantages of 
approach [12] which uses EFM data available in air and the ones in [11] where 
loads are numerically calculated. We developed the quantitative calibration 
technique with both numerical simulation and analytical modeling. We also 
achieved new experimental results obtained on both live and dried L6 cells, 
including continuous monitoring of their physiological conditions for hours.  
The present calibration technique starts from comparing measured and 
simulated capacitance of the SMM probe as it approaches the conductor substrate 
beside the sample in air. It should be noted that the conventional calibration 
techniques typically consider only the capacitance associated with the probe tip 
[16], [17], while the present calibration technique includes the capacitances 
associated with the probe body and the probe holder and makes a complete multi-
scale full-wave modeling. These capacitances are especially important when the 
probe holder is immersed in a physiological buffer with a high dielectric constant. 
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In this case, although the interaction between the sample and the probe tip/body is 
near-field and quasi-static, the interaction between the sample and the probe holder 
can be distributed and dynamic. This is because the size of the probe holder is a 
significant fraction of the microwave wavelength. Thus, to obtain an accurate SMM 
calibration, we overcame the challenges in multiscale finite-element full-wave 
electromagnetic simulations from nanometers to millimeters as described below. 
 
4.2. System setup 
Fig. 4.1 shows the present experimental setup based on a Keysight 
Technologies 7500 AFM with an N9545C SMM nose cone, similar to that 
previously used in studying the CMOS chips [52]. Using such an AFM-based SMM, 
sample topography and microwave reflection coefficient S11 were simultaneously 
acquired during the same scan. The AFM system controls the tip-sample distance 
by the laser alignment reflected from the back of cantilever both in air and liquid. 
The photodetector detects the difference of laser position to a predefined setpoint, 
while raster scanning by applying an XY control voltage to the piezoelectric 
controller. AFM topography images are obtained by plotting the displacement of 
the piezo. The AFM/SMM probe is a Rocky Mountain 12Pt400A platinum probe 
with a spring constant α = 0.3 N/m. However, these probe characteristics vary from 
probe to probe. Moreover, with multiple scans, the tip wears, depending on the 
sample surface properties, resulting in a larger equivalent tip radius. In our case to 
scan a fragile and soft live cell, a worn probe with a blunt tip is intentionally used 
to minimize the damage to soft matter and increase the force and microwave signal 
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sensitivity. The blunt tip can increase the SMM sensitivity due to the larger 
capacitive interaction between the tip and substrate. However, the expense is the 
lower spatial resolution, which applies to all scanning probe techniques [53]. The 
probe body end is cone-shaped with a half-angle θ ≈ 20° and a height h of tens of 
microns depending on the fabrication and use. The probe body is attached to a metal 
cantilever with an exposed length l ≈ 400 µm, a width w ≈ 60 µm, and a thickness 
t ≈ 2 µm, which is rather small compared to the regular metal-coated conductive 
AFM probes [54]. Considering the cantilever is smaller and taller, the parasitic 
capacitance from the cantilever will be rather minimized. The scan rate of the probe 
can be as slow as 30 ms per pixel to avoid distorting or dislocating the attached cell 
from the substrate since the force feedback is not as sensitive as the case in air. At 
this rate, it takes approximately 30 min to scan an area of 65 µm × 65 µm in 256 × 
256 pixels. 
 
 
 
 
 
47 
 
 
 
(a) 
 
    
 
               (b)                      (c)  
 
Fig. 4.1. (a) Schematics of an AFM-based SMM. (b) Photograph of the SMM 
sample chamber. (c) Photograph of the SMM nose cone and the sample stage. Inset 
shows a petri dish containing cells and their physiological buffer. 
The SMM probe is connected via 50-Ω coaxial cables and an impedance 
matching network comprising a 50-Ω shunt resistor to an Agilent Technologies 
N5230A vector network analyzer (VNA). The VNA generates an input signal of ‒
10 dBm up to 20 GHz. The power level is intentionally tuned to be low to prevent 
the unexpected heat effect, to minimize the possibility of damaging the fragile 
samples. The VNA will detect and record the magnitude and phase of S11 reflected 
from the cell/sample through the probe and impedance matching network. We 
wrote the customized software to synchronize the frequency sweeping and the 
mechanical scan to enable broadband scanning, though our quantitative analysis is 
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currently focusing on a single frequency result. An intermediate frequency 
bandwidth of 1 kHz is used here on the VNA for the optimum tradeoff between 
speed and signal-to-noise ratio SNR. 
 
4.3. Measurement challenges and protocol 
The difficulty of measurement on dried cells and live cells differs 
tremendously.  The detailed steps to prepare the healthy L6 cells were discussed in 
chapter 2. As stated in Chapter 2, the sample for dried cell experiments has one 
more step to be prepared. The cell should be left on ITO-coated PET in a sanitized 
environment for over hours. After that, the sample can be fixed on the sample plate 
directly in room temperature and humidity. Simultaneous AFM and SMM will be 
conducted in the air in this case. Therefore, it is rather straight forward to perform 
SMM on a dried cell, which is similar to any CMOS chip or solid material study by 
SMM [52]. 
SMM live cell experiment is much more difficult, both mechanically and 
electrically. Four detailed reasons may account for the reason.  
Firstly, the microwave will become much more lossy in conductive culture 
media. This will add an obvious negative effect on the sensitivity or SNR of the 
system, making harder to do quantitative analysis and sub-surface 
characterization. The culture media will also potentially change part of the 
cantilever into an effective transmission line with different characteristic 
impedance. Therefore, this effect will be taken into consideration when doing 
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quantitative analysis and calibration. And it should be evaluated carefully by full-
wave simulation instead of assuming the quasi-static condition at the beginning.  
Secondly, since the cells are alive, the attachment condition is critical for 
the successfully scanning of any types of SPM, including AFM and SMM. 
Typically, the force of probe giving on the sample is around the nN range. 
Considering the probe apex radius around hundreds of nanometers, the impact of 
scanning probe on a soft matter like live cells cannot be ignored. For healthy cells 
with good attachment, the probability of finishing the scanning is larger. On the 
other hand, for cells exposed to a temperature lower than 37℃ or CO2 
concentration lower than 5% for a longer time, they will become less healthy and 
more likely to detach, creating difficulties for scanning probe to stably landing or 
scanning on them.  
Thirdly, typically the piezo scanner used in SPM has its intrinsic limit in 
movement along the z-direction. In Keysight 7500 system and NT-MDT system 
we worked on, the practical limit is approximately 3 µm, which means when the 
scanned topography is beyond 3 µm along the z-direction, the piezo cannot 
follow, resulting in the invalid results in topography. Furthermore, the probe will 
add additional dragging force on samples under test, such as live cells, which will 
easily detach them from the substrate or damage them. The reason lies in that the 
force sensing feedback is no longer working when the probe reaches its limit in 
the z-direction. For live L6 cells, we noticed that the cells are flatter when they are 
brought out from the incubator, ranging a thickness of 2─4 µm. With the time 
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passing and the cells left in room temperature and room CO2 concentration, they 
tend to detach and become rounding-up.  
Fourthly, the water turbulence effect. When the probe is scanning in 
liquid, the dragging force is larger than that in air. Therefore, the atomic force 
itself is not as sensitive as in air for the force sensor to capture, providing a larger 
effective set point during the scanning. This will also increase the difficulty in 
scanning sample which is not completely stable like live cells. 
Lastly, simultaneous image acquisition and calibration is a challenge. As 
previously stated, the water environment can never be controlled as good as in air, 
due to the temporary or partial temperature change and evaporation of water. The 
signal will inevitably drift during the scan if the scan takes several hours. It is 
preferable to make calibration approach curves before starting to scan the sample, 
to minimize the error due to signal drift.  
After recognizing the challenges, the steps and techniques to perform 
experiments are fully optimized as follows.  
After taking out from the incubator, the special sample holder containing 
the ITO-coated PET immersed in the L6 culture medium was transferred to the 
SMM chamber quickly. Then the whole SMM probe was moved and approaching 
the sample until it is completely immersed. The whole process needs careful 
monitoring from the in-situ optical microscope for locating purposes. After the 
probe is immersed and about hundreds of microns away from the substrate, the laser 
needs to be re-adjusted according to the laser alignment in a liquid environment. 
After that, the chamber will be closed, and the experiment will formally start after 
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half an hour with everything untouched. The purpose of this step is to stabilize the 
system, both mechanically and electrically.  
After finalizing all systematic parameters such as laser alignment, gain of 
the feedback loop, force modulation points, frequency selection, input power level, 
and IF bandwidth suitable for the culture medium, SMM was continuously 
performed on located cell of interest to not only record a single complete image, 
but also the continuous evolution of a live cell in its physiological buffer. The whole 
process will take hours, although a single scan will take approximately 30 min. 
 
4.4. Measurement Results for a  dried cell in the air 
Applying the calibration technique of Chapter 3, Fig. 4.2 shows the 
topography, capacitance, and permittivity images of a dried L6 cell approximate 10 
µm in diameter and 2-µm thick. The dried cell was scanned in the air at 6.3 GHz. 
Only the capacitance and the real part of the permittivity are shown in Fig. 7, 
because the conductance of a dried cell in the air is basically negligible [8]. 
 
 
(a)      (b)      (c) 
 
Fig. 4.2. (a) Topography, (b) capacitance, and (c) permittivity images of a dried L6 
cell.  
As illustrated in Chapter 3, the SMM of a nonplanar sample is always 
complicated by the sample topography [23], because of all parameters in Eq. (3-4) 
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change as the probe is lifted to different heights above the substrate, even when the 
sample permittivity is uniform. With the simultaneous AFM measurement of the 
sample topography, the parasitics can be calculated and simulated. Once the 
parasitics are under control, the parasitic capacitances can then be subtracted from 
the as-measured capacitance to obtain the intrinsic capacitance, which depends only 
on the sample permittivity. This way, the intrinsic capacitance can be used to extract 
the sample permittivity.  
 The line scans of Fig. 4.3(a) illustrates the importance of topography 
correction on a dried L6 cell scanned in air. It can be seen that the as-measured 
capacitance is lower on top of the cell than that besides the cell. However, after 
topography correction, the intrinsic capacitance is higher on top of the cell. To 
simulate the intrinsic capacitance, the cell thickness and dielectric constant are 
assumed to be locally uniform on the scale of the probe tip radius r. For example, 
in the center of the dried L6 cell, the thickness is 1.8 ± 0.1 µm, the change in the 
intrinsic capacitance is 94 ± 12 aF, and the dielectric constant is 2.6 ± 0.4 as 
indicated by the shaded region in Fig. 4.3(b). The extracted dielectric constant of 
the dried L6 cell is comparable with that measured by an inverted SMM [35], as 
well as that of most dried or chemically fixed biological tissues. It should be noted 
that different from the cases of globally uniform artifacts like fabricated CMOS 
chips and most artificially deposited electronic materials [52], [55], for biological 
samples, every line scan is unique due to the nonuniformed structure. The size of 
the probe tip must be carefully chosen to resolve the sample nonuniformity without 
damaging it. 
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                          (a)                 (b)  
 
Fig. 4.3. (a) Line scans of as-measured, parasitic, and intrinsic capacitances across 
the insets. (b) Modeled intrinsic capacitance vs. dielectric constant for cell thickness 
of 1.0, 1.2 µm, 1.4, 1.6, 1.8, and 2.0 µm.  
 
4.5. Measurement results for a live cell in a physiological buffer 
After validating the present calibration technique on the dried L6 cell, it was 
applied to a live L6 cell mainly by replacing the room air with the L6 culture 
medium as detailed in Chapter 2.  
For the first time, not only a live cell was characterized, but also its 
evolution was monitored for hours, taking advantage of the label-free and 
noninvasive nature of SMM. Fig. 4.4 shows the evolution of a live L6 cell 
simultaneously monitored by AFM and SMM, with the AFM reflecting the cell 
morphology while the SMM showing the microwave reflection changes across 
different parts of the live L6 cell. It can be seen that in 2 h the footprint of the cell 
shrunk slightly but remained attached to the ITO substrate. Meanwhile, the nucleus 
appeared intact and the cell remained viable. 
To extract the cell permittivity from the SMM scans over live L6 cells, 
simulations were performed to correlate the permittivity of a 3-μm-thick L6 cell 
with the calibrated intrinsic admittance as illustrated in Fig. 4.4 and 4.5. In 
particular, extracting the sample/cell permittivity is an inverse problem. It was 
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solved by systematically adjusting both the real and imaginary parts of the cell 
permittivity εR in the simulation, until the resulted ΔCS and ΔGS agreed with that 
measured, where ΔCS = CS(εR) − CS(65.2 – j28.4) and ΔGS = GS(εR) − GS(65.2 – 
j28.4). The simulation assumed the cell was static during the 30 min it took to 
complete an SMM scan. This assumption is justified by the fact that the cell remains 
viable for many hours, and during the scan, there is no obvious drift in both AFM 
and SMM images. In the future, as we continue to improve the SMM speed and 
precision, we should be able to capture faster and subtler changes in the cell 
permittivity. 
 
(a) 
(b) 
 
Fig. 4.4. Evolution of a live L6 cell imaged by (a) AFM deflection and (b) SMM 
phase in the L6 culture medium. SMM frequency = 7.7 GHz [36]. 
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(a) 
 
 
 
(b) 
 
Fig. 4.5. Simulated capacitance changes by (a) real and (b) imaginary parts of cell 
permittivity ε’R and ε”R. ε”R = 5, 10, 20, and 30 in (a), ε’R = 20, 30, 50, and 70 in 
(b). 
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(a) 
 
 
 
(b) 
 
Fig. 4.6. Simulated conductance changes by (a) real and (b) imaginary parts of cell 
permittivity ε’R and ε”R. ε”R = 5, 10, 20, and 30 in (a), ε’R = 20, 30, 50, and 70 in 
(b). 
For a dried cell in air, the probe-sample interaction is purely capacitive. For 
a live cell in its physiological buffer, the interaction becomes complex and must be 
represented by a combination of conductance and capacitance. It can be seen in Fig. 
4.5 that the simulated ΔCS increases with increasing ε’R, but is relatively 
independent of ε”R. On the other hand, in Fig. 4.6, the simulated ΔGS increases with 
increasing ε”R, but is relatively independent of ε’R. Therefore, a relatively low-
conductivity sample such as an L6 cell can be assumed as a simple RS //CS circuit 
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instead of more complicated circuits [26], making it relatively straightforward and 
easier to extract ε’R and ε”R separately from the measured intrinsic capacitance and 
conductance. 
Applying the above calibration technique to the scans at 28 min shown in 
Fig. 4.4, Fig. 4.7 shows a live L6 cell in its culture medium imaged by CS, GS = 
1/RS, ε’R, and ε”R, respectively. The quantitative line scans of CS and GS across the 
center of the cell are shown in Fig. 4.8. It can be seen from Fig. 4.8(a) and Fig. 
4.8(b) that, when the probe is on top of the cell center, intrinsic CS and GS are lower 
than that besides the cell. This is because the cell usually has a lower permittivity 
than its culture medium [56]. Quantitatively, at the cell center on top of the nucleus, 
the intrinsic CS and GS are = 8.0 ± 1.8 fF and 0.22 ± 0.05 mS lower than the parasitic 
CS and GS, respectively, resulting in a cell permittivity of (32 ± 6) – j(20 ± 4). 
Following [56], the permittivity of the cell is estimated to be 20% lower than that 
of the L6 culture medium. Assuming the nucleus and cytoplasm each occupies half 
of the cell volume and the cytoplasm has the same permittivity as the D-MEM 
medium, the cell nucleus permittivity is estimated to be 39 – j17, which is close to 
the measured value.  
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(a) (b) 
 
 
 
  (c)                                                     (d) 
 
Fig. 4.7. Calibrated images of a live L6 cell in the D-MEM medium at 7.7 GHz by 
(a) capacitance, (b) conductance, (c) real relative permittivity, and (d) imaginary 
relative permittivity [36]. 
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               (a) 
 
            (b) 
 
Fig. 4.8. As-measured, parasitic, and intrinsic (a) capacitance and (b) conductance 
for a line scan across the center of the cell. 
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4.7. Other discussions and considerations 
The present scanning parameters were carefully optimized both 
mechanically and electrically. For any scanning probe, scanning a live cell in the 
liquid is challenging, let alone long-term monitoring of its physiological conditions. 
The challenges are mainly due to the softness of the cell and the low force 
sensitivity in liquid. The turbulence in liquid also adds uncertainty in the probe 
movement. The elastic constant of the metal probe used in SMM is usually higher 
than desirable for soft matter. The ionic culture medium is lossy at microwave 
frequencies, resulting in a low SNR. 
Being noninvasive with subsurface sensitivity, SMM has a great potential 
for continuous monitoring of the physiological condition of a live cell at the 
subcellular level. For this purpose, it will be desirable to increase the SMM scan 
rate in the future. As mentioned, at the current rate of 30 ms per pixel, it takes 
approximately 30 min to scan an area of 65 µm × 65 µm in 256 × 256 pixels, which 
is barely sufficient for the monitoring purpose. Both the hardware and software of 
the present SMM tool have been modified to speed up the scan rate for broadband 
SMM with unprecedented image quality and SNR [15]. Similar ideas could be 
applied to modify single-frequency scans to speed them up further. Additionally, 
for continuous monitoring, the number of pixels can be reduced although it is 
difficult for the SMM probe to remain on the same spot of a live cell, even with the 
cell attached to the substrate. Similarly, the resonance frequency of a live cell may 
drift, so some form of broadband SMM will be desirable [15]. The probe tip 
geometric parameters also matter. They need to be carefully traded off between 
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sensitivity, noninvasiveness, and spatial resolution. As more experience is gained 
collectively on applying SMM to live biological samples, rapid progress can be 
expected. 
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5. OTHER ACCOMPLISHMENTS, CONCLUSION, AND 
THINKING FOR FUTURE STUDY 
5.1.Broadband scanning microwave microscope 
Currently, most SMMs are narrowband and incapable of microwave 
spectroscopy or 3D tomography, because they rely on a resonance circuit [10], 
[55] or an interferometer [57], [58]. Such narrowband SMMs preclude time gating 
of the SMM signals for improved SNR and potential quantitative 3D tomography 
capability. 
We developed an AFM-based broadband SMM. The SMM can rather 
easily work on non-conductive samples such as dried or live cells. The sample 
topography can be simultaneously measured to correct for its influence on the 
SMM signal. However, time gating was first developed on an STM-based SMM 
for which topography is more convoluted and more difficult to be corrected [59]. 
Furthermore, STM is unsuitable on an insulating sample in a conductive medium 
such as a live cell in saline [60]. For such applications, it is critical to developing 
a broadband AFM-based SMM for time-gated postprocessing of the data. 
The advantages of broadband SMM can be concluded as follows: 
1. A possible spectroscopic investigation by broadband measurements. 
2. Redundancy of frequency data may improve image quality, especially 
with time-domain gating. Note that for image improvements, the band 
does not need to be necessarily very broad. 
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3. Quantitative broadband measurements can be performed by calibrating the 
system based on the understanding of the physics.  
The idea of time-domain reflectometry (TDR) technique was borrowed in 
processing broadband microscopy data [30], namely by applying time-gating to 
remove undesired “echoes” in the time domain, which was only used to improve 
the signal-to-noise ratio (SNR) of the system. 
Fig. 5.1 illustrates in terms of equivalent circuit models that the main 
difference between a broadband SMM (bSMM) and a narrowband SMM (nSMM) 
is in eliminating the 50-Ω shunt resistor that forms the resonance circuit in the 
nSMM. Both simulation and experimental results confirm that resonances are 
eliminated between 1 GHz and 9 GHz in the bSMM. 
The details of setting parameters are omitted since most of them are 
similar to the experimental setup in Chapter 4. Note that here a broadband scan 
can be completed in less than 20 min. The 60-ms dwell time at each pixel was 
sufficiently long to allow the VNA to sweep through the 201 frequency points. It 
is efficient mostly due to the software modification, involving programming to 
efficiently synchronize the AFM with the VNA while it sweeps from 1 GHz to 9 
GHz. Had the original software been used, it would have taken days for the 
nSMM to repeat the scan 201 times over 201 discrete frequencies. 
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  (a) 
 
 
  (b) 
 
Fig. 5.1. Broadband vs. narrowband SMM (a) equivalent circuit model and (b) 
reflection coefficient |S11|. In (b) solid curves are measured results whereas dashed 
curves are modeled results [50]. 
Fig. 5.2(a) illustrates over a few selected frequencies that the quality of the 
bSMM image is consistently better than that of the nSMM image of the same cell. 
Fig. 5.2(b) shows that the bSMM SNR is more than 10 dB better than the nSMM 
SNR at the same pixel across most of the 1‒9 GHz band. Here SNR is defined as  
 
( )
11 11
11
20log
ITO AIR
ITO
S S
SNR
S
−
= dB 
(5-1) 
Coax R Coax G2 Coax G1 RP
50 Ω
RS CS
Narrowband SMM
Coax R Coax G2 Coax G1 RP
RS CS
Broadband SMM
 
50 Ω
50 Ω
-50
-40
-30
-20
-10
0
1 3 5 7 9
R
e
fl
e
c
ti
o
n
 C
o
e
ff
ic
ie
n
t 
(d
B
)
Frequency (GHz)
Broadband SMM
Narrowband SMM
65 
 
where σ is the standard deviation of 11
ITOS . 11
ITOS  is measured with the probe 
touching the ITO. 11
AIRS  is measured with the probe lifted 3 μm up in the air. Both 
of them are averaged over 500 repeated measurements. A cell is considered 
identified if the contrast between the cell and the substrate is at least twice the 
noise level. In this case, the cell is identified over 96% of the band by the bSMM, 
but only 58% of the band by the nSMM. Thus, it is a hit or miss for any discrete 
frequency used in nSMM. 
 
  (a) 
 
  (b) 
 
Fig. 5.2. (a) Broadband vs. narrowband SMM images of the same Jurkat cell at the 
same frequencies. (b) SNR of broadband SMM vs. that of narrowband SMM at the 
same pixel across the frequency band [50]. 
Fig. 5.3 confirms that the image quality generally improves but the 
improvement is greater for the bSMM than for the nSMM. Quantitatively, SNRs 
are 42 dB, 31 dB, 25 dB, and 16 dB, respectively. The time-gated bSMM shows 
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the highest SNR and resolution among them. Additionally, the background of it is 
uniform and noise-free, unlike that of the others. 
 
 
 
Fig. 5.3. Broadband and narrowband SMM images formed with and without time 
gating. All other parameters are the same [50]. 
In sum, we developed a novel broadband SMM. By modifying a 
commercial narrowband SMM. The broadband data allowed time-gated 
postprocessing, which resulted in generally better SNR and image quality than that 
of the narrowband SMM. For proof of concept, the comparison was made on a 
dried cell so that the comparison would not be complicated by the drift or change 
of a live cell. Continued development of bSMM could shorten its scan time 
making it ideally suitable for noninvasive monitoring of the physiological state of 
a live cell. The further development of faster broadband SMM can be used not 
only for imaging but also for spectroscopy and tomography. 
 
bSMM, time-gated bSMM, ungated
10 μm 10 μm
nSMM, time-gated nSMM, unngated
10 μm10 μm
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5.2.Inverted scanning microwave microscope 
Despite exploring the broadband capability of the SMM, we have invented 
an innovative instrument called an inverted scanning microwave microscope 
(iSMM) [35], to explore the two-port capability of nanoscale microwave 
measurement. It should be emphasized that iSMM can be constructed through the 
straightforward conversion of any scanning probe microscope, such as the atomic 
force microscope and the scanning tunneling microscope, with a simple metal 
probe to outperform a traditional SMM in terms of ruggedness, bandwidth, 
sensitivity, and dynamic range. By contrast, the application of the traditional 
SMM to date has been limited to mainly surface physics and semiconductor 
technology, because the traditional SMM requires a fragile and expensive probe. 
Typically, an SMM is modified from an AFM or an STM, so that the 
probe can be scanned at a fixed height above the sample through the feedback of 
force or current. In either case, the microwave signal is injected through the probe 
by a VNA, and the signal reflected from the sample is also sensed by the VNA. 
The reflection coefficients can be used to determine the dielectric permittivity of 
the sample, after proper calibration and analysis. Such a one-port reflection 
measurement usually has a dynamic range of 40‒60 dB as limited by directional 
couplers. 
To minimize the parasitic interaction and to boost the SMM sensitivity 
without resorting to a resonance circuit, we proposed the iSMM. As shown 
schematically in Fig. 5.4 (b), in an iSMM, the scanning probe is always grounded, 
and the microwave signal is injected through a transmission line (e.g., coplanar 
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waveguide, slot line) as part of the sample holder. Unlike the traditional SMM 
probe, the transmission line can have a broadband impedance match over many 
decades of frequency. The input and output of the transmission line are connected 
to the VNA so that both reflection and transmission coefficients are measured. 
Such a two-port measurement usually has a dynamic range of 120‒140 dB, which 
makes it easier to sense the tiny perturbance when the probe scans across the 
sample. 
 
 
Fig. 5.4. Schematics of (a) a traditional AFM-modified SMM and (b) an inverted 
SMM. In (a), one-port microwave measurement is performed through the AFM 
probe. In (b), two-port microwave measurement is performed through the input and 
output ports of a waveguide as the sample holder. The parasitic interaction between 
the probe body and the surround is minimized because the probe is grounded like 
the ground electrodes of the waveguide [35]. 
According to the reciprocity theory of electromagnetics, the intrinsic 
interaction between the probe tip and the sample is the same whether the 
microwave signal is injected through the probe or the sample. However, with the 
microwave signal injected through the sample and the probe grounded, the 
parasitic interaction between the probe body and the surround is greatly reduced, 
because most of the surround is grounded in any case. Thus, compared to a 
traditional SMM, an iSMM can have a wider dynamic range, higher sensitivity, 
and broader bandwidth (by making a resonance circuit unnecessary). 
Additionally, the probe can be a simple, rugged and bio-compatible metal stylus. 
69 
 
Meanwhile, whether the iSMM is modified from an AFM or STM, the original 
AFM or STM function is intact so that an iSMM image can be obtained 
simultaneously with an AFM or STM image.  
To demonstrate the new technique, we used an AFM-based iSMM on 
Jurkat (dried only) and L6 cells (both live and dried). Fig. 5.5 compares the AFM 
and iSMM images of dried Jurkat cells. It can be seen that the quality of the 
iSMM image is at least as good as that of the AFM image. 
 
 
Fig. 5.5. Simultaneous (a) AFM and (b) iSMM images of dried Jurkat cells. The 
iSMM image is based on the magnitude of the reflection coefficient at 4 GHz [35]. 
As illustrated in previous chapters, the calibration of any SMM is not 
trivial. That is also one reason why SMM has been used mostly for imaging 
instead of quantitative characterization. We have also developed the 
corresponding calibration protocol for iSMM. Fig. 5.6 illustrates the effect of 
calibration on the iSMM image of a dried L6 cell. Fig. 5.6(a) is the AFM 
topography image; Fig. 5.6(b) is the iSMM capacitance image corrupted by the 
sample topography; Fig. 5.6(c) is the iSMM dielectric constant image with the 
topography effect removed. As expected, the dried cell exhibited ridges near its 
periphery, but the rather uniform dielectric constant of 2.8 ± 0.7 across the cell. 
This value is comparable to that of lipid bilayers in electrolyte solution [61]. 
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Fig. 5.6. (a) AFM topography, (b) iSMM capacitance, and (c) iSMM dielectric 
constant images of a dried L6 cell. The iSMM image is based on the magnitude of 
the transmission coefficient at 6.2 GHz [35]. 
As a summary, we have demonstrated a novel iSMM for imaging and 
quantitative characterization on the nanometer scale, which can be applied 
through a straightforward modification of any scanning probe microscope. The 
technique is label-free, non-invasive, broadband, and highly sensitive, especially 
to subsurface electromagnetic properties. With a simple metal probe that is always 
grounded, it can easily transform any available AFM/STM into and iSMM. As a 
result, the iSMM will broaden the application of SMM to many applications 
beyond the current focus on surface physics and semiconductor technology. With 
the further development of quantitative broadband calibration, microwave 
tomography can be anticipated. 
 
5.3.Conclusion 
This dissertation focuses on the study of quantitative scanning microwave 
microscopy on a single biological cell. After considering the schematic analysis, 
developed quantitative modelling and full-wave simulation, experiment 
exploration and conquering many real-world problems like performing the 
scanning probe microscopy on single live cell and processing microwave data in 
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the physiological buffer, we have demonstrated the possibilities to quantitatively 
imaging and characterize the live cells individually with both impressive spatial 
and frequency resolution. 
Many efforts have been made to overcome the difficulties happened 
during the successful measurement and monitoring the evolution of a live cell in 
its physiological buffer for the first time. Beyond that, the quantitative calibration 
technique has been developed to resolve the dilemma of extreme high-aspect-ratio 
and multiscale full-wave simulation.  The combination of near-field microwave 
interaction and scanning probe microscopy is the answer to non-invasively 
characterize the individual live cell with nanoscale resolution. Further, the 
microwave signal can penetrate through the cell membrane and subsurface 
sensitivity of SMM can be achieved. SMM was used to monitor the physiological 
condition of the cell for hours. The results showed that the cells remained viable 
despite hours of continuous SMM scans. Despite the development of quantitative 
SMM for biological use, broadband SMM and iSMM were also developed for 
broader applications of SMM, taking advantage of the potential tomography 
mechanism and much wider two-port dynamic range. They will be further 
developed and improved. All these results implied that SMM could not only 
become a valuable technique for label-free noninvasive characterization of a live 
cell in its physio-pathological conditions, but also a more general tool for 
quantitative nanoscale characterization of various samples of interest.  
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5.4. Recommendations for future research 
One important direction is to further develop broadband quantitative SMM. 
This will enable quantitative tomography taking advantage of the broadband 
capability we have in our system. The tomography possibility of SMM should be 
optimized, taking advantage of the inherent capacity of SMM to probe below the 
surface and our proposed modification of SMM for broadband measurement. 
Preliminary analysis and experiments suggest that it is feasible and repeatable [27], 
[62]–[65]. However, the spatial resolution decreases drastically with increasing 
depth. For this reason, before our work, its application to biological samples in an 
aqueous solution is basically unexplored. By further taking advantage of the two-
port measurement by iSMM and broadband capability, unprecedentedly it should 
be possible to spot some tiny features inside cells, provided they are close to the 
membrane, showing in Fig. 5.7. Luckily, this condition is not rare for live cells. A 
more detailed theoretical model of this effect is the key to better understand the 
potential and limit of sub-surface SMM tomography in biological applications. So 
far, broadband SMM was demonstrated to improve imaging SNR [50]. To further 
quantify the result, broadband calibration protocol needs to be considered. 
Dedicated circuit modeling, like Foster circuits of probe-sample interaction, can be 
refined.  
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Fig. 5.7. Diagram of SMM probing sub-surface/sub-cellular structures close to the 
surface. 
Another important point is the quantitative SMM application on electronic 
devices/materials. As we discussed, SMM is unique in being able to reach into the 
submicron spacing between the gate and drain electrodes of active electronic 
devices like MOSFET. Moreover, it can probe under the passivation layer typically 
around 10~20 nm thick, made of Al2O3 or HfO2. The active material like GaN or 
novel 2D material like phosphorene is most likely to degrade in this access region 
under normal operation or accelerated electrical stress.  
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                               (a)                                                              (b) 
Fig. 5.8. (a) Schematic and (b) measured drain current drifts of a typical 
phosphorene MOSFET with Al2O3 surface passivation and Ti/Au top gate. The 
“on” and “off” currents are indicated by filled and empty symbols, respectively 
[66]. 
This study should help optimize the passivation technique and characterize 
the nanoscale electrical properties of active materials, which in turn increase the 
physical control of electronic devices under operating conditions.  
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